Abstract Natural hazards are natural processes of the complex Earth system and may interact and affect each other. Often a single hazard can trigger a subsequent, different hazard, such as earthquakes triggering landslides. The effect of such cascading hazards has received relatively little attention in the literature. The majority of previous research has focused on single hazards in isolation, and even multi-hazard risk assessment currently does not account for the interaction between hazards, therefore ignoring potential amplification effects. Global earthquake-and-landslide fatality data were used to model cascading events to explore relationships between the number of fatalities during single and cascading events and covariates. A multivariate statistical approach was used to model the relationship between earthquake fatalities and several covariates. The covariates included earthquake magnitude, gross domestic product, slope, poverty, health, access to cities, exposed population to earthquake shaking, building strength and whether a landslide was triggered or not. Multivariate regression analysis showed the numbers of earthquake fatalities are significantly affected by whether a subsequent landslide is triggered or not.
cyclones and drought (Dilley et al. 2005) . There is therefore great interest in efforts to map risks due to hazards globally. The United Nations defines risk as 'the probability of harmful consequences or expected loss of lives, people injured, property, livelihoods, economic activity disrupted (or environment damaged) resulting from interactions between natural or human induced hazards and vulnerable conditions ' (UNDP 2004) . In particular, multi-risk approaches at the global level aim to identify the relative levels of overall risk, highlighting the nations where risk is highest (Carpignano et al. 2009 ).
State-of-the-art global multiple hazard and risk maps include Munich Re's World Map of Natural Hazards, the United Nations Development Program's (UNDP) disaster risk index, the World Bank's Hotspots report and the UNU-EHS's world risk index (Lerner-Lam 2007; UNDP 2004; Peduzzi et al. 2009; Dilley et al. 2005; UNU-EHS 2011 ). An implicit assumption in all such global risk maps is that the risk sources are independent (Kappes et al. 2012) . However, this assumption may be naive, leading to the neglect of possible interactions. In principle, a complete multi-hazard assessment should not be based solely on the superposition of distinct single-hazard maps (Marzocchi et al. 2009 ). Natural processes are components of systems and as such are not independent and separated from each other (Kappes et al. 2010) . Natural processes such as hazards are inter-connected, often in pairs or longer chains, whereby one can trigger the other (e.g. coseismic landslides, volcano-induced tsunamis, landslide-induced tsunamis, hurricane-induced flooding, hurricane-induced landslides, and earthquakeinduced tsunamis).
Hazards acting in the natural system should not be seen as just the sum of a set of individual components, but instead as a net of interacting parts which therefore need to be examined using a more complex modelling approach (Kappes et al. 2010; Greiving 2006; Marzocchi et al. 2009 ). Kappes et al. (2012) suggested that since there are only a few studies dealing with multi-hazard interactions, 'experience with associated problems is rare and standard approaches are not available'. Thus, the area of cascading natural hazards should be given greater attention by researchers.
Cascading hazards
The term 'cascading hazards' is used to describe the phenomenon whereby one hazard triggers another (Fig. 1) . Kappes et al. (2012) define the cascading hazard phenomenon as 'the triggering of one hazard by another, eventually leading to subsequent hazard events'. This phenomenon is also referred to as the 'avalanche' or 'domino' effect or a catastrophe 'chain' (Helbing and Kuhnert 2003) . Shi (2005) divides 'disaster chains' into two separate types. Simultaneous chains occur when multiple hazards cluster at the same time and place and cause several disasters concurrently (Shi 2005) . Serial chains or synergistic events are a succession of disaster events caused by a single hazard with the resultant disasters occurring in turn (Shi 2005; Marzocchi et al. 2009 ). Catastrophes are often typified by cascading failures disseminating in the system due to the causal dependencies between system constituents (Buzna et al. 2007 ). In such a case, one strong initial event can trigger a failure avalanche, spreading in a cascade-like manner within a network, with large consequential impacts (Buzna et al. 2006) .
The amplification effect of hazard chains, whereby the overall hazard and risk of causally linked processes is amplified in comparison with the aggregation of presumed independent hazards, is an important aspect of cascading hazards (Kappes et al. 2010 (Kappes et al. , 2012 Marzocchi et al. 2009 ). The amplification effect can either be due to chaining (whereby one hazard triggers and increases the effect of the next hazard) or a consequence of the spatial and temporal coincidence of both (Kappes et al. 2010) .
A difficulty in multi-hazard analysis arises due to the comparability of hazards as their characteristics are different (Carpignano et al. 2009; Marzocchi et al. 2009 ). For example, earthquakes are typically measured on the moment magnitude scale. Landslides are recorded by the area affected or the number of landslides in one event. Flooding is measured by, for example, the depth of water or area inundated. This makes the comparison of the severity of hazards and their interactions difficult. It is easier to compare earthquake events, for example, but more difficult to compare an earthquake event with a flood event as they vary spatially, temporally and in their effects and associated vulnerability. Classification and index schemes can help to overcome this problem, but remain applicable to the one purpose they are designed for and as such cannot be applied elsewhere (Kappes et al. 2012) . A way to overcome this problem is by comparing the consequences of hazards such as loss of life, injury, and damage. (Kappes et al. 2012; Marzocchi et al. 2009 ). In this paper, the number of fatalities was used to compare the severity of earthquakes, coseismic landslides and earthquake-and-landslide events.
Coseismic landslides
Coseismic landslides refer to topographical slope failure as a result of earthquakes because of the addition of gravitational and seismic accelerations causing short lived stressed in excess of the combined cohesive and frictional strength of the underlying rock and soils (Meunier et al. 2007 ). Rodriguez et al. (1999) argued that landslides are potentially the most destructive of the secondary geotechnical hazards as a result of earthquakes. Horizontal ground acceleration from seismic shaking exerts additional transient shear stresses and increases to ambient pore water pressures through cyclic gravitational loading, negatively affecting slope stability (Sidle and Ochiai 2006, in Korup 2010) . Keefer (1984) compiled a database of 40 historical earthquakes and their associated landslides from literature and field studies, chosen to sample a variety of climatic, geological and seismic settings of the Earth's major seismic regions. The database of 40 coseismic landslides showed that landslides were responsible for highly variable, but often Nat Hazards (2014) 72:895-914 897 significant numbers and proportions of casualties and high levels of economic damage (Keefer 2002) . Landslides triggered by the M w 7.8 Kansu, China, earthquake in 1920 killed 240,000 people; the 1970 Peru earthquake induced a landslide killing 18,000 people (Keefer 2002) . Fatal coseismic landslides often occur in areas of high topographical relief such as the Himalayas, Andes and Alps (Marano et al. 2010) . This is consistent with other studies, which have shown that the coseismic spatial distribution is not random, but is a function of distance to the epicentre, slope gradient, slope position and rock type (Keefer 2002; Meunier et al. 2007 , both in Korup 2010) . Marano et al. (2010) examined secondary hazards due to earthquakes from the Prompt Assessment of Global Earthquakes for Response Catalog (PAGER-CAT) database of 18,807 earthquakes from 1968 to 2008. PAGER-CAT is a composite earthquake catalogue from published or online databases and reports; eight global earthquake catalogues are included in the database (Allen et al. 2009 ). The United States Geological Survey's (USGS) Preliminary Determination of Epicentres (PDE) dataset constitutes the main source of earthquake information. PAGER-CAT incorporates events with PDE's preferred magnitude M5.5 or greater and/or any events causing one or more fatalities or injuries (Allen et al. 2009 ). Events from non-tectonic sources (e.g. mining) were excluded from PAGER-CAT (Allen et al. 2009 ). The PDE is the primary source of information on casualties due to secondary hazards providing a breakdown of casualty types when possible. Marano et al. (2010) found that of the 749 earthquakes in the PAGER-CAT database that caused at least one fatality, 276 triggered at least one landslide, and of these, 43 were reported to have caused one or more deaths due to landslides (Marano et al. 2010 ). Due to the undifferentiated cause of deaths for some events, it is likely that there are more events for which deaths could be attributed to secondary hazards (Marano et al. 2010) . Postearthquake reconnaissance work is not always carried out, so often the cause of death remains ambiguous and is often attributed to the initial triggering event (Marano et al. 2010) . The 2004 Sumatra tsunami event contributed 227,000 fatalities of the total 238,385 fatalities as a result of all tsunamis during the time period. Marano et al. (2010) considered this an atypical event, which does not represent the non-shaking fatality distribution of events during the timeline. After the removal of deaths attributed to the 2004 Sumatra event, landslides were found to be the cause for 71.1 % of all non-shaking deaths due to earthquakes, with tsunamis following second at 11.5 % (Marano et al. 2010) . Kappes et al.'s (2012) review of multi-hazard risk stated that 'hazard relations and interactions may have unexpected effects and pose threats that are not captured by means of separate single-hazard analyses'. It is implicit throughout the literature that cascading hazards result in losses greater than the sum of the independent hazards (Helbing and Kuhnert 2003; Kappes et al. 2010; Marzocchi et al. 2009 ). However, there have been no studies to date published in the literature to quantify or substantiate this claim. This paper used fatality models based on regression analysis to determine which covariates significantly affect the number of fatalities during an earthquake. It is presumed in the literature that cascading events lead to an amplification of losses. The significance of a triggered event on fatalities is therefore of particular interest.
Data
A dataset of 248 global historical earthquakes from 1980 to 2000 where one or more fatalities was incurred was used to represent earthquake events. This dataset reports the number of fatalities along with the earthquake epicentre and moment magnitude. The dataset was compiled from the USGS earthquake database information and the emergency events database (EM-DAT) fatality data from the Centre for Research on the Epidemiology of Disasters (CRED). Seventy-six historical earthquake events were selected randomly and used to assess the accuracy of the earthquake fatality model at a later stage. The remaining 172 global historical earthquakes were used to model earthquake fatalities. Rodriguez et al.'s (1999) coseismic landslide dataset of 36 coseismic landslides from 1980 to 1997 was used to represent landslide events triggered by earthquakes. The landslides are described as earthquake or seismically induced and are therefore inferred to be caused directly be seismic shaking rather than by structural failure or geomorphic change. All references to 'earthquake-and-landslides' refer to an event when an earthquake has occurred and has triggered a coseismic landslide during that event. The number of fatalities recorded and referred to in the paper is the total fatalities recorded resulting from the earthquake and the landslide event combined. Rodriguez et al.'s (1999) coseismic landslide database was compiled from major seismological and geotechnical journals, symposia and conferences. The dataset contains information on the date, moment magnitude, focal depth, maximum intensity, area affected and number of landslides for each event. This was combined with the PAGER-CAT database to create a database with longitude and latitude of the epicentre of the triggering earthquake and the total number of recorded fatalities. The data were cleaned to remove events causing no fatalities, leaving a dataset which included 18 earthquake-and-landslides.
Information on other factors which may affect the number of fatalities due to earthquakes or earthquake-and-landslides was compiled from various sources (Table 1) and projected into a GIS environment as a set of global maps. The covariates were chosen based on several factors including (1) typical covariates found in the literature for this type of model, (2) expectations based on the underlying processes and (3) availability of datasets.
Global gridded population data were used to estimate the number of people living in the area affected by each earthquake (Table 1) . Population estimates are provided for 1990, 1995 and 2000 and projected (in 2004 , when GPWv3 was released) to 2005 and 2010. If global gridded population data were not available for the year of an earthquake, the population was estimated for the given year by weighted interpolation in time based on temporally neighbouring data. The population data were used to estimate the population exposed to shaking; the method of estimation is explained in more detail in the next section.
Gross domestic product (GDP) global grids for 1990 and 2025 were created using the country-level GDP for 1990 and 2025, and projections were downscaled based on the special report on emission scenarios B2 scenario 1990-2100 dataset and Columbia University Centre for International Earth Science Information Networks's (CIESIN) Gridded Population of the World, Version 2 (GPWv2) as a base map (Table 1; Yetman et al. 2004) .
Slope estimates, measured in percentage, were derived from a combination of global SRTM30 ? and ETOPO DEM data at 1 arc min resolution (Table 1) . Building strength data were sourced from the USGS Prompt Assessment of Global Earthquakes for Response (PAGER) project on a country-by-country basis (Table 1) . The PAGER project divides building strength into five categories, from 1 (strongest) to 5 (weakest).
Access is a measure of travel time in minutes to the nearest major city with population over 50,000 in the year 2000 (Table 1 ) (Nelson 2008) . Accessibility was computed using a cost-distance algorithm which calculates the 'cost' of travelling between two positions on a raster grid (Nelson 2008) . Each cell is assigned a value representing the cost required to travel across them; this raster grid is often labelled a 'friction-surface'. The friction-surface Building strength Building strength in five categories, from 1 (strongest) to 5 (weakest).
Country USGS (Jaiswal and Wald 2008) Gridded population of the world data was used to estimate the number of people affected by different levels of earthquake shaking contains information on transport network (road, railway, river and shipping lanes), environmental (land cover and slope), and political factors (national boundaries and border crossing) that affect travel times between locations (Nelson 2008) . Poverty was defined as the percentage of population living below the international poverty line at $1.25 (in purchasing power parity in 2000) per day (Table 1) . Data were based on primary household survey data obtained from government statistical agencies and the World Bank country departments. The source data from the UNDP were inconsistently recorded. Therefore, if data were missing, the poverty value was estimated using weighted interpolation in time based on temporally neighbouring data.
Health was defined as a measure of public health expenditure as a percentage of GDP in 2000 (Table 1 ). Public health expenditure consists of current and capital spending from government budgets, external borrowings and grants, and social health insurance funds. Health expenditure data were downloaded at country level.
The required information for each covariate was extracted from the global covariate maps within a GIS environment using the longitude and latitude of the earthquake epicentre for each earthquake and earthquake-and-landslide event. For each epicentre location, the corresponding cell or country data were extracted and assigned to the event as a proxy for determining other factors which could affect the number of fatalities.
Estimation of exposed population
A key independent variable affecting the number of fatalities is the population potentially affected. The number of fatalities from an earthquake should be related to the number of people exposed to the shaking caused by the earthquake. If the epicentre of the earthquake is closer to highly dense populations, more people will be exposed and a higher number of fatalities is expected. If the epicentre of the earthquake is far from dense populations, less people will be exposed and a small number of fatalities is expected.
USGS ShakeMaps were used to calculate the area affected by different levels of shaking (3.9, 9.2, 18 and 34 pga) using 28 events between 2004 and 2009 ranging from 5.6 to 8.6 moment magnitude. Data were not available before this date except for the United States of America. The 28 events were selected from 78 earthquake events recorded in the PAGER-CAT database with one or more fatalities between 2004 and 2009. The selection from the 78 events was based on the availability of ShakeMaps for download from the USGS ShakeMap Archive.
The thresholds for the levels of shaking were taken from the USGS ShakeMap scale for moderate, strong, very strong and severe perceived shaking (Table 2) . For each event, the peak ground acceleration (pga) point data recorded by seismometers were projected into a GIS environment and converted into the raster data format. The area affected by the different thresholds of shaking was then estimated for each event (Fig. 2) . A best-fit model was developed from the empirical data relating earthquake moment magnitude to area affected (measured in degrees) and their 95 % confidence intervals for each of the different levels of shaking (Fig. 3) . Four exponential models were fitted to the empirical data: 
where,
A 3.9 = area affected by C3.9 pga shaking, A 9.2 = area affected by C9.2 pga shaking, A 18 = area affected by C18 pga shaking, A 34 = area affected by C34 pga shaking, and. M = earthquake magnitude. Table 3 shows the upper and lower 95 % confidence intervals for the fitted models shown in Eqs. 1-4. The root mean square errors between model predictions and the The USGS produces several ShakeMap types. The peak ground acceleration (pga) data were used to determine levels of shaking for estimated area affected. Peak ground acceleration at each station is contoured in units of percent-g (where g = acceleration due to the force of gravity). Thresholds of C3.9 pga (moderate perceived shaking), C9.2 pga (strong perceived shaking), C18 pga (very strong perceived shaking), and C34 pga (severe perceived shaking) were used to provide shaking levels for calculating exposed population to earthquake shaking The data were used to create models to predict area affected by different levels of shaking given recorded earthquake moment magnitude at the epicentre estimated observed area affected were 10.29 for A 3.9 , 25,704.24 for A 9.2 , 1.97 for A 18 and 0.67 for A 34 . The area affected was then calculated as a transform of the recorded earthquake magnitude for each historical earthquake event from the combined USGS and EM-DAT dataset. The radius r of each area affected was calculated using:
Circular buffer zones around each event epicentre were generated based on the estimated radius of the affected area (Fig. 4) . The number of people living within the area exposed to each level of shaking was estimated by intersecting the circular areas with the global gridded population data for the corresponding year from SEDAC.
Fatalities
The number of fatalities had a right-skewed distribution with a large number of smaller values and a tail of larger values with lower frequency. Therefore, the number of fatalities was transformed using the log function. Figure 5 shows a plot of number of fatalities against seismic magnitude where earthquakes are separated from earthquake-and- Fig. 3 Area affected (degrees) for different levels of shaking (C3.9 pga, C9.2 pga, C18 pga, and C34 pga) and models fitted to the data based on earthquake moment magnitude (M w ). The area affected by each level of shaking was estimated from 28 events between 2004 and 2009 from the USGS ShakeMap archive. The models were used to estimate population exposed to shaking to be used in the multiple regression analysis. Each model's 95 % confidence limit is plotted using the same type of line as the best-fit model. The best-fit regression is shown in bold Nat Hazards (2014) 72:895-914 903 landslides. Figure 5 reveals an increase in the number of fatalities for earthquake-andlandslides compared with earthquake events with no landslides. It is also clear that the relationship between number of fatalities from earthquakes and earthquake magnitude is nonlinear such that a log-transform of number of fatalities produces an approximately linear relation.
Although an increase in the number of fatalities was predicted, and this seems to match expectations, the magnitude of the uplift in number of fatalities was not expected: the increase in number of fatalities appears to be by a factor of almost ten (Fig. 5) . The 95 % confidence intervals for each best-fit statistical model are shown in Fig. 5 , and the corresponding coefficients for the best-fit, upper and lower 95 % confidence models can be seen in Table 4 .
Multiple regression analysis
Multiple regression analysis was used to model the relationship between the number of fatalities and several independent covariates using the backward stepwise method. The covariates selected were: exposed population, earthquake magnitude, GDP, slope, poverty, health, access to cities, building strength and whether a landslide was triggered or not. Whether there is a landslide or not as a result of an earthquake was coded as a binary variable, representing presence (1) or absence (0) of landslides.
The significant (at the 95 % confidence level) covariates were earthquake magnitude (EQ.M), building strength (BS), population exposed to C18 pga (PopExp18) and whether a landslide was triggered or not (LS.NoLS). Table 5 shows the covariates in order of significance with their statistics generated by the R statistical software.
The number of fatalities is highly correlated with the number of people exposed to earthquake shaking above 18 pga. The model shows clearly that the presence of a triggered coseismic landslide due to the initial earthquake significantly increases the number of resultant fatalities. The earthquake magnitude and the strength of the buildings affected by the shaking are also contributing factors to the number of fatalities caused. Weaker building structures are more likely to be damaged or collapse during an earthquake and thus result in a greater number of fatalities compared with stronger building structures.
The fitted multivariate regression model was: The upper and lower 95 % confidence intervals for each fitted model are shown. These data are shown plotted in Fig. 3 log
where F e is the number of fatalities from an earthquake, M is the earthquake moment magnitude, BS is the building strength, LS is whether a landslide was triggered (1) or not (0) and PE 18 is the population exposed to C18 pga shaking, 95 % Confidence Interval (-1.95, 0.47).
City fatality estimates
Fatalities due to earthquakes and earthquake-and-landslides for 68 cities around the world were estimated using the fatality model (Eq. 6). The global distribution of earthquake risk and global distribution of landslide risk maps from the Hotspots report were used to create a map of areas at risk of both earthquakes and landslides ( Fig. 6 ; Dilley et al. 2005) . 68 cities within this zone were selected and the number of fatalities from an earthquake of varying magnitudes (M w 4, 5, 6, 7, and 8) was estimated using the model (Eq. 6). [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] ) using radius of area for C 18 pga. The buffer zones were determined from the models for area affected for different levels of shaking (C 3.9 pga, C 9.2 pga, C 18 pga, and C 34 pga) based on recorded epicentre moment magnitude data. Gridded Population of the World for 2000 data is also shown. The population data were used to count the number of people living within each buffer zone, providing the estimated population exposed to different levels of shaking, to be used in the multiple regression model Nat Hazards (2014) 72:895-914 905 Global building strength data for each country from PAGER were used (Table 1) ; the area exposed to shaking above 18 pga was calculated using Eqs. 3 and 5 to create a circular buffer around each city epicentre for the different earthquake magnitudes. The number of people living within this area was counted using GPW for the year 2010 to estimate the population exposed to C18 pga shaking.
The number of fatalities from earthquakes alone and the increase in fatalities expected from landslides being subsequently triggered were estimated for the 68 cities. These fatality data can be seen in Fig. 7 . The variation in fatality estimates for each magnitude earthquake (Fig. 7) arises due to the differences in the population exposed to shaking for each city and in building strength for each country. A selection of the 68 cities shown in Fig. 5 Log of the number of recorded historical fatalities with respect to moment magnitude for 172 earthquakes and 18 earthquake-and-landslides with fitted exponential models. Data were sourced from PAGER-CAT, EM-DAT and Rodriguez et al. (1999) datasets described in Sect. 2.0 Data. The best-fit regression for Earthquake and Earthquake-and-Landslide models is shown in bold. Each model's 95 % confidence limit is plotted using the same type of line as the best-fit model The upper and lower 95 % confidence intervals for each fitted model are shown. These data are shown plotted in Fig. 5 Fig. 7 was used to predict fatality values in each city using Eq. 6 and the 95 % confidence intervals of the model for a M w 8 earthquake. This estimates a range of predicted fatalities for each city calculated from the model's 95 % confidence interval (seen in Table 6 ). The city fatality estimates represent the number of fatalities predicted given an earthquake at the centre of each city. The model predicts the number of fatalities given an earthquake of a given magnitude occurring at the city centre, and the numbers of fatalities if at least one landslide were to occur as a result of the earthquake. However, the model does not attempt to predict the probability of a landslide occurring given the earthquake. Covariates are shown in order of significance and with their associated statistics. The upper and lower limit at the 95 % confidence interval for each covariate are also shown Fig. 6 Areas at risk from both earthquakes and landslides. A map was produced from the overlap of the Global Distribution of Earthquake Risk of Mortality and Global Distribution of Landslide Risk of Mortality maps produced in the Hotspots report (Dilley et al. 2005) . Starred points indicate the location of 68 cities within this at risk area which were used as the epicentres for simulated earthquakes. The number of fatalities estimated by the model for simulated earthquakes and earthquake-and-landslide events were recorded and are shown in Fig. 7 Nat Hazards (2014) 72:895-914 907
Comparison with observed fatalities
The 76 historical earthquakes held back from the analysis were compared with model predictions. Building strength and the population exposed to 18 pga shaking were estimated using the methods described previously. Of the 76 earthquakes, eight events resulted in triggered landslides. The root mean square error for earthquake-only fatality estimates compared with the observed fatalities in the validation dataset is 52 fatalities. Two events stand out as outliers, with the number of observed fatalities higher than predicted by the model. For most of the fatal earthquakes in the sample, the estimated number of deaths is within one order of magnitude of those observed. While in the predictive sense such a large ratio of predicted to observed fatalities does not seem noteworthy, in practice the warning level accompanying such a prediction may be valuable and on target for deciding the appropriate level of response (Jaiswal and Wald 2010 ).
The empirical model over-predicts fatalities during earthquake events with associated landsliding; the root mean square error for the earthquake-and-landslide events is 3,077 fatalities. This lack of predictive ability of the model is most likely due to the small sample size used for earthquake-and-landslide events. Unfortunately, very little data are available for earthquakes that have triggered landslide events. Until a more comprehensive fatality dataset is collated for landslides triggered by earthquakes, the model's predictive ability will remain limited.
Discussion
The model indicates the significant covariates affecting fatalities during earthquakes. Earthquake magnitude is a significant variable affecting the number of fatalities as Fig. 7 Plot of estimated number of fatalities for 68 cities given an earthquake at the city centre for magnitudes of M w 4, 5, 6, 7 and 8. Fatalities were estimated for earthquake-only and earthquakes-andlandslide scenarios expected; this is supported in the literature as the greater the shaking caused by the earthquake, the greater the damage to buildings and therefore the number of fatalities. The strength of the building also affects the number of fatalities; in countries with buildings more resistant to earthquake shaking, fewer fatalities are seen. The adage 'earthquakes don't kill people-buildings do' is applicable here. The number of people exposed to shaking also affects the number of fatalities during an event; the more people exposed to shaking, the more people are at risk of death and more fatalities are experienced. Most interestingly, the triggering of landslides increases the risk of fatalities from the secondary hazard. If this landslide occurs where there is a built-up population, there is an associated increase in fatalities compared to if no landslide had occurred.
The selection of the data for each event was determined by the location of the epicentre. However, many of the covariates used in the fatality model were produced from source data representing a range of spatial resolutions. This variation in resolution may not adequately represent the conditions experienced by the area affected by the earthquake. Although the use of data defined at different spatial resolutions is necessary from a practical viewpoint, it may have implications for modelling as the relative importance of the independent variables may be affected. This should be taken into consideration when interpreting the results. The method of calculating the area affected by different levels of shaking assumes that the area affected is circular, which provides a reasonable approximation for the purpose of estimating the area affected and the population exposed. However, the area affected is unlikely to be perfectly circular in practice, especially for higher levels of shaking and in areas of high relief. The geology of the area was also not included in the calculation of the area affected by shaking.
Poverty, health expenditure and building strength data were recorded at the country level. These country-level estimates were used as a proxy for the conditions present at the location of the earthquake epicentre. This assumes that these covariates are uniform within a country. In reality, this is not true. However, data at a finer resolution do not exist globally. Also, GDP per capita data for 1990 and 2025 were also originally estimated at the country level before being down-scaled to 15 arc min resolution using gridded population datasets.
The geology of the area could have a significant impact on the number of fatalities caused by an earthquake due to liquefaction and amplification effects through certain types of rock and soil, and on whether a landslide is triggered or not. Geology was not included in the multiple regression analysis because a consistent global map with sufficient detail was not available. The geology of the area can affect shaking as a result of earthquakes because of the softness and thickness of the upper layer. Shaking increases in softer rocks, when the sediment above hard rock is thicker, and in soil near the surface.
Several high magnitude earthquake events exist in the dataset that were not recorded as having triggered a landslide. It is not guaranteed that these events did not trigger a subsequent landslide. It is, for example, possible that the area experiencing the earthquake was of low relief and slope. Alternatively, landslides may have occurred, but were not recorded, possibly because they did not cause any fatalities. Alternatively, it is highly unlikely that any landslides which caused a fatality directly went unrecorded.
The earthquake data were cleaned to remove any events below M w 4.0 shaking by the USGS. This could create bias in the sample as smaller earthquakes for which landslides may not be induced were excluded. Therefore, the model can only be applied to earthquake events above the M w 4.0 threshold. Below this level of shaking, the model has little usefulness; however, empirical evidence given by Keefer (1984) suggests few landslides are caused by earthquakes below M w 4.0. Uncertainty in the model estimates particularly arise because it is unknown whether the landslides that occurred during these historical events affected any of the population. It is plausible that while landslides occurred during the events, they did not affect any human populations. The empirical model does not capture the population exposed to landslides. For this to be captured, the area (and associated exposed population) affected by historical coseismic landslides would have to be collated. Such a dataset does not currently exist and is beyond the scope of this investigation.
The association between landslides and increased fatalities is not necessarily directly causal (i.e. landslides cause fatalities adding to the total number of fatalities). It could arise, for example, because both outcomes (landslides, fatalities) are promoted by some underlying common driver. For example, poorer (and therefore more vulnerable) communities are often located on steeper, less stable slopes (El-Masri and Tipple 1997; Kates and Haarmann 1992) . During an earthquake event, they may be more vulnerable to the shaking from earthquakes (e.g. because of poorer infrastructure) and could experience a higher proportion of fatalities while landslides also occur in these areas. Floodplains are often occupied by the wealthier population because of geographical access and proximity to rivers and estuaries as resources and centres of trade (Fleming 2002) . This wealthier component of the population is likely to be less vulnerable, but is spatially located in an area where landslides are unlikely to occur. Similarly, landslides could block roads and access routes, hampering rescue efforts following an earthquake. The first 24-48 h of search and rescue following an earthquake are especially important in saving lives. There is a dramatic drop-off in live finds during the 24-48 h post-earthquake timeframe, with very few live rescues after 10 days (Macintyre et al. 2006) . In earthquake-and-landslide events, the landslide may not necessarily be the direct cause of fatalities, but could exacerbate the number of fatalities by reducing access to those trapped or requiring medical assistance in the immediate aftermath of an earthquake. Therefore, the increase in fatalities associated with earthquake-and-landslide events may be, but is not necessarily, directly causal.
To be able to differentiate between the above possibilities (i.e. landslides cause and increase fatalities; an underlying driver such as high slope promotes landslides and increases vulnerability), and ultimately attribute cause, data at a finer spatial resolution than used here would be required. The spatial distribution of each landslide occurrence would need to be correlated with a topographical map of slope and poverty indicators per household or neighbourhood. Although measures of these factors were used in this study to explore their statistical relations with fatalities, the spatial scale at which they were analysed prevented diagnosis of these potential causal links. Until within-country data are provided, for example on social vulnerability, it will remain an open question.
The uncertainty in hindcasting the total earthquake fatalities using the empirical model incorporates the variability that comes from (a) the uncertainty in the estimated population exposed, (b) the variability of building strengths within countries, (c) possible errors in the number of recorded deaths in the catalogue, and (d) uncertainty in the recorded factors affecting earthquake fatality data. Despite the limited predictive ability for earthquake-andlandslide fatalities, the model is useful in revealing the significant factors affecting fatalities during earthquakes; particularly, that landsliding is associated with an increase in the number of fatalities.
Further research should investigate whether economic losses, number of injured, ratio of injured to fatalities and building damage are greater for cascading hazards compared with single hazards. The signal within the data is very small when looking at global examples and when dealing with natural hazards as they are such complex phenomena, affected by many other factors. If we examine a range of hazard outcomes, the signal could be present in other consequences, which would strengthen the overall signal if the numbers involved are greater, or if the multiple outcomes can be analysed simultaneously. For example, whereas people can move their location, affecting fatality rates through evacuation and being outside or inside during an event, economic assets cannot be moved out of the affected area.
The utility of the available data on earthquake events for investigating cascading hazards is limited as records typically assign losses to the primary hazard event. To be able to determine whether cascading events result in greater losses than the sum of the constituent hazards, the fatalities caused by the coseismic landslide alone need to be separated from those caused by the triggering earthquake. This can be achieved by subtracting earthquakeonly loss models from earthquake-and-landslide models. The difference between the models would account for those fatalities as a result of the coseismic landslides. The fatality estimates could be used to create a coseismic landslide model based on landslide magnitude.
Conclusions
The relationship between number of fatalities and earthquakes alone and earthquake-andlandslides was investigated. Regression analysis suggested that the presence of a triggered landslide significantly increases the number of fatalities caused by an earthquake event compared with, if no landslide is triggered, independent of other factors including seismic magnitude, building strength and population affected. The model quantifies, for the first time, the effect of triggered landslides in increasing the number of fatalities. This pattern of increased losses as a result of cascading events has previously been referred to, but has been hitherto unsubstantiated, in the literature. The fitted earthquake fatality model can be used to predict the likely human losses as a result of earthquakes given the availability of earthquake magnitude, building strength and population data. Further research into cascading hazards is necessary, but will ultimately be constrained by data availability. Data collection and recording methods are becoming more detailed with wider coverage suggesting that improvements in terms of data quality to the model presented here will be possible in future.
